Aim: To investigate the analgesic effect of cobratoxin (CTX), a long-chain α-neurotoxin from Thailand cobra venom, in a rat model of formalin-induced inflammatory pain. Methods: Inflammatory pain was induced in SD rats via injecting 5% formalin (50 μL) into the plantar surface of their right hind paw. CTX and other agents were ip administered before formalin injection. The time that the animals spent for licking the injected paw was counted every 5 min for 1 h. Results: CTX (25, 34, and 45 μg/kg) exhibited a dose-dependent analgesic effect during the phase 1 (0-15 min) and phase 2 (20-60 min) response induced by formalin. Pretreatment with naloxone (0.5 or 2.5 mg/kg) did not block the analgesic effect of CTX. Pretreatment with atropine at 5 mg/kg, but not at 2.5 mg/kg, antagonized the analgesic effect of CTX. Treatment with the nonselective nAChR antagonist mecamylamine (3 mg/kg) inhibited the analgesic effects of CTX in Phase 1 and Phase 2 responses, while with the selective α7-nAChR antagonist methyllycaconitine (3 mg/kg) antagonized the effect of CTX only in the Phase 1 response. Treatment with the α7-nAChR agonist PNU282987 (3 mg/kg) significantly reduced the formalin-induced phase 2 pain response, but only slightly reduced the Phase 1 pain response.
Introduction
Snake venoms and several neurotoxins isolated from venoms have demonstrated potent analgesic activity in animal models of pain. A previous study reported that crotalus dirissus terrificus venom administered subcutaneously inhibited the migration of polymorphonuclear cells to the peritoneal cavity before and after plantar side injection of carrageenan into the mouse right hind paw [1, 2] . Cobrotoxin [3] , a short-chain postsynaptic α-neurotoxin isolated from Naja naja atra, is reported to have analgesic activity and is commercially available in China for this purpose [4] . Cobratoxin (CTX), a neurotoxin isolated from Naja naja kaouthia, is a high-affinity ligand for the alpha 7 nicotinic receptor subtype (α7-nAchR) [5, 6] , which can conduct Ca 2+ ions and thereby directly impact neurotransmitter release [7] . Our previous studies found that CTX exhibited a dosedependent analgesic action in mice as determined by hot-plate and acetic acid writhing tests. The peak effect of analgesia was seen 3 h after CTX administration. Furthermore, naloxone failed to block the analgesic effects of CTX, but atropine did antagonize the analgesia mediated by CTX in the mouse acetic acid writhing test, indicating that the cholinergic, but not opioid system, appears to be involved in the antinociceptive action of CTX [8] . It is not currently known whether CTX inhibits inflammatory pain. The present study evaluated analgesic effects of CTX in a rat model of inflammatory pain induced by formalin.
Injection of formalin into rat paws is a valid and reliable model of inflammation-mediated nociception. Intradermal injection of formalin into the paw induces a biphasic nociceptive response evidenced by flinching, licking or biting of the affected paw. Two phases of the response can be observed: an early phase starting immediately after injection and lasting for 0-15 min and a late phase from 20 to 60 min after injection. It is now known that the first phase is due to the direct action of formalin on nociceptors, whereas the second phase is mediated by a combination of peripheral input and spinal Involvement of cholinergic system in suppression of formalin-induced inflammatory pain by cobratoxin www.nature.com/aps Shi GN et al Acta Pharmacologica Sinica npg cord sensitization [9] [10] [11] . This makes the formalin test a wellaccepted animal model for studying pain [9] . The formalin test is a chemically induced tonic pain model in which the biphasic changes of nociception are considered a molecular basis for neuropathic pain, particularly during the second phase of the test, during which most clinically used drugs against neuropathic pain are active. Opioid analgesics such as codeine and nalbuphine appear to be antinociceptive for both phases [12, 13] . In contrast, NSAIDs such as diclofenac and lumiracoxib suppress pain only in the second phase [14] [15] [16] . The present study examined the effects of CTX from Naja naja kaouthia on the nociceptive response by intradermal administration of formalin and the involvement of the opioid and cholinergic systems in its analgesic effects.
Materials and methods

Animals
Male Sprague-Dawley rats weighing 180 to 220 g were purchased from the Experimental Animal Center of Soochow University and housed in a climatically controlled room (temperature 18-22 ºC; humidity 40%-80%; 12 h light/dark cycle with lights on at 7:00 AM) with food and water available ad lib. Animals were acclimated to the housing conditions and handled for 3-4 d before experiments. All experiments were performed between 08:00 AM and 16:00 PM. All experimental procedures were conducted according to the NIH Guidelines for the Care and Use of Laboratory Animals (NIH Publication No 80-23, revised 1996). The experimental procedures were approved by the Committee on Animal Care and Use of Soochow University.
Drug injections
CTX was obtained from ReceptoPharm Inc (Fortlaudale, Florida, USA) and dissolved in 0.9 % saline. The doses of CTX used were 25, 34, and 45 µg/kg, and these were administered ip at a volume of 2 mL/kg 3 h prior to formalin injection. Naloxone, atropine, mecamylamine, methyllycaconitine and PNU282987 were obtained from Sigma (St Louis, MO, USA), dissolved in 0.9% saline and administered ip at a volume of 2 mL/kg. Some mice received an ip injection of naloxone (0.25 and 5 mg/kg) or atropine (0.25 and 5 mg/kg) 2.5 h prior to formalin injection, and some were injected with mecamylamine (3 mg/kg) or methyllycaconitine (3 mg/kg) 1 h before the formalin injection. PNU282987 (3 mg/kg) was administered 30 min prior to formalin injection. The time intervals used for agonist and antagonist administration were adapted from previous studies [8] . For control rats, 0.9% saline solution was injected at a volume of 2 mL/kg.
Formalin test
For all experiments, animals were habituated to the formalin test environment by placing them in the test apparatus (Plexiglass chamber 16 cm×15 cm×15 cm) for 2 h prior to the injection of formalin. Subjects were then given an ip injection of either CTX or saline, followed by an sc injection of 5% formalin (volume of 50 µL) into the plantar surface of the right hind paw 3 h later. Immediately after the formalin injection, licking time was recorded in 5-min intervals for 1 h.
During each experiment, the time that the animal spent in licking the injected paw was recorded every 5 min for 1 h, and results are shown as the total time spent on licking in each phase. Phase 1 was defined as the period of time beginning immediately after the formalin injection and lasting for 15 min. Phase 2 was defined as beginning 20 min post-formalin injection and lasting until 1 h post-injection. Behaviors during each phase are presented as the sum of the total seconds spent on licking during that phase.
Statistical analysis
All data were analyzed using a one-way ANOVA. Post hoc comparisons were performed using Student's t-test. P<0.05 was considered statistically significant. Calculations were performed using the SPSS 10.0 statistical package.
Results
Formalin response
Intradermal injection of 5% formalin 50 µL into the right hind paw produced a consistent licking response in rats. A biphasic nociceptive behavior occurred immediately in Phase 1 and then diminished gradually (0-15 min), followed by a quiescent period (16-19 min) , and then occurred again in Phase 2 (20-60 min) (Figure 1 ).
Antinociceptive effects of CTX on formalin-induced inflammatory pain As shown in Figure 1 , formalin-evoked biphasic nociceptive responses induced an early, short-lasting response (Phase 1, 0-15 min post-injection) followed by a late, prolonged response (Phase 2, approximately 20-60 min post-injection). Licking time evoked by formalin in both Phase 1 and Phase 2 were reduced in a dose-dependent manner by pretreatment with CTX (20, 34 Naloxone did not affect the analgesic effects of CTX on formalininduced pain Naloxone (0.5 and 2.5 mg/kg, ip) alone had no significant effect on the formalin-induced nociceptive response in either Phase 1 or Phase 2, compared with the saline-treated group. CTX (34 µg/kg, ip) combined with naloxone (0.5 and 2.5 mg/kg, ip) produced significant analgesic effects similar to CTX alone. There was no significant difference between these groups, indicating that naloxone failed to affect the analgesic effects of CTX (Figure 3) . Figure 5 ). These data suggest that mecamylamine could antagonize the analgesic effects exerted by CTX.
Methyllycaconitine inhibited the analgesic effects of CTX on formalin-induced pain in Phase 1
As shown in Figure 6 , methyllycaconitine (3 mg/kg) combined with CTX (34 µg/kg, ip) had a significant effect on licking time in Phase 1 compared with CTX (34 µg/kg, ip) alone. Licking time in Phase 1 increased from 16.71±3.84 s (CTX 34 µg/kg) to 47.12±9.92 s (CTX 34 µg/kg and methyllycaconitine 3 mg/kg, P<0.05). However, there was no significant effect on the CTXmediated reduction in licking time in Phase 2 ( Figure 6 ), indicating that other nAChRs or mAchRs may have participated in the analgesic effects of CTX.
PNU282987 inhibited the pain response induced by formalin PNU282987 had an effect on the formalin-induced nociceptive 
Discussion
The mechanism underlying formalin-induced pain behavior involves a complex series of events including peripheral and central biphasic responses. The first phase of the response is driven directly by formalin stimulating to peripheral nociceptors, thereby producing an acute barrage of activity in the dorsal horn. The second phase is thought to be the consequence of ongoing afferent input maintained by inflammatory mediators acting on peripheral nociceptors [17] [18] [19] and functional changes in central pain processing [20] . In the present study, we evaluated the antinociceptive effects of CTX on formalin-induced inflammatory pain. Our results show that CTX exhibited a dose-dependent analgesic Naloxone had no impact on CTX-mediated analgesic effects. In contrast, atropine at 5 mg/kg (ip) antagonized the analgesia mediated by CTX. The non-selective nAChR antagonist mecamylamine attenuated the analgesic effects of CTX. These findings indicate that CTX is effective for attenuating nociception induced by inflammation. Chen et al reported that dosedependent antinociceptive effects of CTX were observed in mice in the acetic acid and hot-plate model, and atropine but not naloxone antagonized the analgesic action of CTX [8] . The present results are consistent with this study, and together they indicate that the antinociceptive and anti-inflammatory effects of CTX have no association with the opioid system but do involve the cholinergic system. These data show that atropine antagonized the analgesic and anti-inflammatory effects of CTX on formalin-induced pain in Phase 1 and Phase 2. Atropine is a competitive nonselective antagonist of central and peripheral muscarinic acetylcholine receptors (mAChR). Wang et al have shown that a subtle relationship exists between nicotinic and muscarinic receptors in triggering central cholinergic function [21] [22] [23] . They also demonstrated that activation of α7 receptors can modulate Muscatine receptors in rat superior cervical ganglion neurons [24] and that α-neurotoxins may be considered potent nAChR antagonists, making them efficient paralyzing agents [25] . Therefore, it is possible that the activation of muscarinic receptors, which leads to antinociceptive effects, may occur after α7 receptors are inhibited by CTX.
It has been proposed that CTX preferentially targets the alpha 7 and alpha 1 nAChRs in nerve and muscle tissue, respectively, and function by preventing the activation of these acetylcholine receptors in pre-and post-synaptic membranes. The involvement of alpha 7 nicotinic receptors in nicotinic analgesia has been assessed in mice. Choline, a α7 receptor agonist, has dose-dependent antinociceptive effects on formalin tests in mice. Methyllycaconitine significantly blocked the effects of choline. These studies suggested that activation of alpha 7 receptors in the central nervous system elicits antinociceptive effects in an acute thermal pain model [26] . In the present study, we found that mecamylamine blocked CTX-mediated analgesic effects in Phase 1 and Phase 2, while methyllycaconitine inhibited CTX's analgesic action in Phase 1. Moreover, PNU282987 mimicked the effects of CTX in formalin-induced inflammatory pain responses, suggesting that CTX might induce activation of α7-nAChR through indirect mechanisms in vivo. However, methyllycaconitine did not block the formalin-induced Phase 2 nociceptive response. These results indicate that, in addition to α7-nAchR, other mAchRs or nAChRs are also involved in CTX's analgesic action.
In summary, the present study demonstrated that ip injection of CTX, a long-chain α-neurotoxin from Naja naja kaouthia, could dose-dependently decrease formalin-induced inflammatory pain in rats and that this activity is mediated by activation of the cholinergic but not the opioid system.
